Objective: The impact of incorporating a polar aprotic solvent, dimethyl sulfoxide (DMSO) to glycerol monooleate (GMO)/ oleic acid (OA) system was evaluated briefly, on purpose to map its influence on gel microstructure and dynamic phase transition in controlling performance of polyene antifungal drug delivery system. In-vitro antifungal test results point out the concentration of DMSO to be a controlling factor in drug release and diffusion. In-vitro drug release kinetic studies reveal most of the gel samples to follow matrix model and anomalous type release as implied by Peppas model.
Introduction
Dimethyl sulfoxide (DMSO, (CH3)2SO) is a short amphiphilic moiety, conventionally used as a cryoprotectant, solvent for lipophilic drugs, it is the solvent of choice for the synthesis of sugar ester (used for ice cream production), cell fusogen, and chemical penetration enhancer to deliver active molecules through the skin and into the cell 1, 2 .
DMSO interacts with lipids to replace water in the inner region of lipid head groups increasing the area of lipid and decrease its thickness 3 . The hydrophilic group of DMSO interrelates with water and polar head groups of lipids, whereas the two u n c o r r e c t e d p r o o f hydrophobic methyl groups intermingle with the hydrophobic inner membrane region of lipids 4 . Due to its dual character, DMSO occupies the inner interface region and acts as a surfactant to stabilize the presence of water molecules. Lipids such as oleic acid and glycerol monooleate (GMO) have a polar head and a relatively short hydrophobic carbon chain. GMO is categorized as GRAS approved nontoxic, biodegradable and biocompatible material and is also cited in the FDA Inactive Ingredients Guide. Glycerol monooleate was for the first time introduced in 1930, for margarine production, since than is extensively used in food industry as an emulsifier, stabilizer for foams in bread, cakes, margarine, ice creams and chewing gums 5 . Oleic acid (OA) is a monounsaturated fatty acid (triglycerides) component of human diet obtained from animal fats and vegetable oils.
The interaction of DMSO with oleic acid and GMO results in modulation of the microstructure of the lyotropic liquid crystalline system which is formed due to transformation of the sol system to gel phase upon contact with external stimuli like body fluids and excess water. The microstructure formed is primarily controlled by additives in the system and the nature of the drug i.e. hydrophilic or lipophilic. The reversed hexagonal and bicontinuous cubic mesophases are spontaneously formed from the in-situ gelling liquid crystal forming system with impetus to an external stimuli.
The tortuous networks of aqueous nanochannels formed in these mesophases u n c o r r e c t e d p r o o f partake as gateways for the sustained release of drugs from the gelled liquid crystal structure. In this investigation an in-situ gelling system was developed by adding a polyene antifungal agent Nystatin, widely used against susceptible cutaneous and mucocutaneous fungal infections caused by the Candida species as well exhibits a broad spectrum of activity against other fungi such as Aspergillus and Cryptococcus.
Interestingly, there are reports that these polyene moiety interact with phospholipids and therefore liposomal formulations have been developed to reduce its toxic effects 6 .
In the present study, the impact of incorporating a polar aprotic solvent, DMSO to GMO/OA system was evaluated briefly, on purpose to map its influence on gel microstructure and dynamic phase transition in controlling performance of polyene antifungal drug delivery system.
Materials and methods

Materials
Nystatin was procured as a gift sample from Glenmark Pharmaceuticals, Mumbai.
Cithrol GMO-HP-SO-LK was sort as a gift sample obtained from Croda Oleic acid, 
Formulation of In-situ gelling fluid precursor systems (IGFPS)
The formulation of IGFPS is summarized in Table 1 , to prepared by simple add-mixture method, briefly Nystatin (2.23 % w/w) was dissolved in DMSO, the resulting solution was added to oleic acid and vortexed mixed (B-6R-47, Biocraft scientific systems) for 5 minutes for obtaining homogenous solution. The resulting solution was then added to melted (40±2 • C) GMO and vortexed mixed for additional 15 minutes. The IGFPS were stored at room temperature until further characterization was performed.
Characterization
In-situ gelling ability and Gelation Time
The minimum solvent (Vm) and minimum time (Tm) required for complete gelation of IGFPS was determined by magnetic stirring method (7) . 1 g of the IGFPS was aliquot into a 5-mL vial; a magnetic bar (10 mm×6 mm) was added into the vial. The temperature was maintained at 37.0±0.5°C and the speed of the magnetic bar was set at 30 rpm. Distilled water (10 µl) was added into the vial each 1 min, until the magnetic bar completely stopped moving due to gelation. For Tm above procedure u n c o r r e c t e d p r o o f was used and excess amount of distilled water was added into the vial, the time required for complete halt of magnetic bar was noted as Tm.
Drug content and pH value of IGFPS
For drug content determination, briefly 1g of formed gel was dissolved in 100 ml of solvent system comprising of methanol: DMF: water (55:15:30) and was evaluated at 306 nm using Shimadzu UV-1600 spectrophotometer. The pH value of IGFPS was determined using Systronics Digital pH meter 335.
Swelling studies
The water uptake of the systems was measured gravimetrically at fixed time intervals, briefly 0.5 g IGFS were weighed on filter paper (40 mm in diameter) soaked in distilled water and positioned on top of a sponge (5 cm x 5 cm x 2 cm) previously soaked in the hydration medium and placed in a petri dish filled with the distilled water to a height of 0.5 cm 8 . This investigational set-up was kept closed. The water uptake was determined as the increase in weight of the sample over time normalized to the initial weight of the dry systems 8 . The data was subjected to mathematical models 9 using the following equations, to affirm the kinetics of swelling whether first order or second order.
u n c o r r e c t e d p r o o f
Where, W∞-maximum water uptake, W-water uptake at a time t, (W∞−W)
represents the unrealized water uptake, and k is the proportionality constant. For the second order kinetics, the initial rate of swelling is the reciprocal of the y-intercept in the plot of t/W versus t. The reciprocal of the slope indicates W∞, which is the maximum or equilibrium water uptake. The units of W∞ are grams of buffer absorbed per gram of matrix (g/g), and the units of the initial swelling rate are grams of buffer absorbed per gram of dry matrix per hour (g/g h) 10, 11 .
Polarised light microscopy
The hydrated gels were evaluated at 20±0.5•C, 27±0.5•C and 37±0.5•C for its microscopy (Carl Zeiss Jena, Germany) images under 40x magnifications. The samples were inserted between two glass microscope slides and observed with cross polarizers, to ascertain the type of lyotropic liquid crystal mesophase formed on the basis of characteristic textures 12 .
Mucoadhesion measurement by tensile strength method
A CT3 Texture Analyzer (Brookfield Engineering, UK) was used for the tensile strength measurements. Fresh goat intestinal mucosa was obtained from a local slaughterhouse. The dissected mucosal pieces were kept in saline solution in an ice bath until tests were performed. The mucosa was fastened to a 10 mm analytical movable probe of the texture analyzer by a rubber ring and the formulation was u n c o r r e c t e d p r o o f located on the lower platform. The system was maintained at 37 ± 1 • C by a thermostatic bath. The measurement was triggered to begin as the upper probe encountered a force of 3 mN upon contact with the sample (1g). The probe was kept in contact with no force applied for 60 s, after which it was raised at the speed of 1 mm/s, and the force needed for detachment was estimated. The tensile work, which is proportional to the area under the force-time curve, was used to describe the mucoadhesive characteristics.
Rheological measurements
Rotational and oscillatory rheological tests were performed for formed gel samples using a Kinexus Rheometer (Malveran Instruments Ltd, UK). Rotational and oscillatory tests were performed at 37.0 ± 0.1 • C. Rotational tests were used to determine the viscosity and the data were analyzed for type of flow pattern.
Oscillatory tests were performed to define the elastic modulus, loss modulus and complex viscosity. The shear rate during the rotational tests ranged from 2 to100 s _1 .
For oscillatory analysis, first the stress sweep measurements (0.001-10 %) were performed at a constant frequency of 1 Hz in order to determine the linear viscoelastic region. Afterwards, the oscillatory shear measurements were carried out as a function of frequency (0.1-100 Hz) at constant strain of 0.1%.
Small-angle X-ray scattering (SAXS)
u n c o r r e c t e d 
In-vitro antifungal activity
The in-vitro antifungal activity of the formed gel was evaluated against Aspergillus 14 . The optical density of the suspensions was measured by UV spectrophotometer (Shimadzu UV-1600) was set as 0.13 at 530 nm 14 . Agar well diffusion method was used to evaluate anti-fungal activity, 1 ml of microbial inoculum was seeded into SDA medium and poured into petri plates, a sterile cork borer of diameter 6 mm were punched aseptically to create a well and gel sample (0.1 g) is added into the well. The plates were incubated for 24 hrs, 27
• C (Candida albicans) and 48 hrs, 27
• C (Aspergillus fumigatus). The drug release from the prepared gel was compared with standard drug solution of Nystatin prepared in DMF (1000 units/ml).The antimicrobial agent diffuses in the agar medium and inhibits the growth of the microbial strain tested.
u n c o r r e c t e d p r o o f
In-vitro drug release
In-vitro drug release was evaluated by placing cellulose acetate membrane (0.45 µm)
between the donor and the receptor chambers of a Franz diffusion cell. Briefly 1 g of prepared gel was placed on the membrane, the receptor compartment was filled with 50ml Methanol: DMF: water (55:15:30) as the dissolution medium 15 , at fixed time interval 1 ml of the sample was withdrawn and replaced by fresh solvent to maintain sink condition. The temperature was maintained at 37
• C by circulating water bath. UV Spectrophotometric analyses of aliquots were performed at 306 nm to estimate drug release. The experimental data obtained from drug release experiments were evaluated for drug release kinetics, PCP-Disso-V 2.08 software was used to fit models to the release data. The models were assessed on the basis of correlation coefficient (R 2 ) to mark the best fit model.
Statistical Analysis
The data were articulated as mean ± S.D. ANOVA followed by post hoc Tukey test (GraphPad Prism 8.0.1) was employed to statistically analyze the data at 95% confidence level.
Results and discussion
In-situ gelling ability (Vm) and gelling time (Tm)
The additives added induce a change in the hydration state of the polar lipid head and u n c o r r e c t e d p r o o f affects the critical packing parameter of the lipid [16] [17] [18] [19] . The effect of solvent on the gelling property of IGFPS is given in Table 2 . It is observed that increasing the concentration of DMSO and oleic acid had significant effect on the minimum amount of distilled water required for in-situ gelling. High amount of distilled water was required for gelling in case of IGFPS of F2, where as the least amount of solvent was required in formulations F5. Higher concentration of DMSO results in disrupting of water channels [20] [21] [22] . Whereas in case of F5 equal proportion of oleic acid and DMSO causes the solvent to partition between both the phases i.e. the lipids and DMSO, thus making the polar heads of lipids easily available for hydration. pH of the sol and Drug content pH of the sol and drug content are presented in Table 2 . Almost all formulations showed a drug content in the range 99 to 100 %, while the pH of the sol for all formulations was ranged in a value of 5.5±0.11 to 7±0.34.
Swelling studies
The concentration of DMSO in IGFPS played an important role in modulating the microstructure of the formed gel and had a marked effect on rate of swelling. Figure 1 highlights the swelling behavior, it was monitored for a time span of 8 hrs. IGFPS formulations with higher concentration of DMSO higher was its rate of swelling whereas the formulations were in the concentration of oleic acid was higher the rate of swelling was lower. It was markedly observed that formulations F7 and F5 in initial hour showed faster rate of swelling (Figure 1b ), but the same declined in later hours and at the end of 8 hours maximum swelling observed was 24% and 22.75% respectively and is found to be dependent on water uptake 10 . The rapid swelling also stands in contour with other studies signifying formation of a viscous cubic or inverted hexagonal phase is a fast process [23] [24] [25] indicates that all formulations followed second order swelling kinetics which is substantive to earlier reported studies 11, [25] [26] .
Polarised light microscopy (PLM)
IGFPS undergo dynamic structural transition in-situ to high-viscous gel on exposure to excess water. This change from a less viscous system into a lamellar, bicontinuous cubic structure, or inverted hexagonal phase can be elucidated by the critical packing 
Mucoadhesion measurement by tensile strength method
Mucoadhesive properties of lyotropic liquid crystalline systems are seen to be dependent on the dehydration of the mucosa and in-situ absorption of water.
Intestinal mucosa was selected as a model tissue to understand the influence of formulation additives and mesophase formation on mucodhesion. Table 4 and Table 5 indicate the results for rotational and oscillatory test respectively.
Rheological measurements
The value n<1 proves the system to be Non-Newtonian typically to be pseudoplastic, of frequency at constant strain 0.1% by the gel sample is illustrated in Figure 3 . F1, F3, F4, F6, F7 and F9 typically exhibited frequency dependent moduli curve akin to cubic mesophasic structure. Figure 4 depicts G" to be predominate at lower frequencies (< 0.1 Hz not used), while G' is dominant at higher frequencies since no cross over was seen at the frequencies used in this study. The composition of the sample plays a key role in defining the frequency at which the crossover (G' > G")
occurs. As the value of G' levels out after an initial increase, G" is constantly reduced with increasing frequencies. All formulations indicated G' to be higher than one order of magnitude over G". The change from a primarily liquid-like behavior to solid with increasing frequency is supplementary reflected by tan δ values ≥ 1 at low frequency, followed by a swift decline at the crossover, and finally reaching out at tan δ values ≤ 0. The curve for F5 showed some atypical behavior the tan δ values decreased with increase in frequency, but at higher frequency the value was >0, the same has been reported elsewhere 32 . It could be due to high provenance of HCP P63/mmc structure.
G" and G' were found to increase at higher frequency and so it can be presumed that the crossover might occur at higher frequency. The sample characterized as F2 also showed a markedly different frequency dependent moduli curve quite similar to seen u n c o r r e c t e d p r o o f for cubic to lamellar structures transformation, herein at higher frequency G" sharply shots up and again the crossover occurs at higher frequency, thus exhibiting viscous property at higher frequency value, although the tan δ value were ≤ 0 . 
SAXS measurements
The liquid crystalline gel microstructure although analyzed by PLM could not • C indicate decline in lattice parameter due to shrinking of the water channels with retention in mesophasic structure ( Table 6 ). The findings relate to DMSO unique ability to act both as a kosmotrope (water-structure maker) and chaotrope (water structure breaker) based on its concentration. Finally, the obtained PLM images for all gel samples at respective temperature are in good agreement with SAXS diffractograms.
Differential scanning calorimeter
DSC studies are used in surfactant based microstructures to identify different types and states of water 39, 40 . Phase structure in surfactant system, interaction among polar moieties and water molecule can be concluded briefly through understanding the state of water in the microstructure by subjecting samples to sub zero temperature DSC scanning. Table 7 and Figure 5 depict sharp depression in freezing point of free water characterized by exothermic peak corresponding to crystallization of ice and two endothermic peaks. The first endothermic peak corresponds to melting event for GMO/OA/DMSO interactions whereas the second peak at low temperature indicates melting of interfacial water/bounded water. The interfacial water corresponds to the water entrapped in the highly ordered mesophasic structures.
Endothermic peak for free water was not seen for any formulation but exothermic The release profiles of a water-insoluble drug nystatin, from preformed mesophasic gel formulations was studied to understand the multitude effect of various factors such as addition of components to liquid crystalline phases, lattice parameter and the rate of swelling 24 .
The results obtain corroborate with such findings as depicted in The drug release data was subjected to kinetic modeling, the results are presented in Table 8 . It is revealed that almost all formulation showcased matrix type of release pattern except for F4, F5 and F7 indicated peppas model of release pattern. Thus identifies that LLC phases do not follow simple diffusion or erosion, and a thus anomalous (0.45<n<0.89) mechanisms is involved.
In-vitro antifungal activity
The in-vitro antifungal activity of the formulated IFGPS was evaluated to ascertain its efficacy against Aspergillus fumigatus and Candida albicans. In-vitro antifungal activity was also performed to substantiate the in-vitro drug releasing ability of gel formulations. Finally, an in-vitro antifungal activity and an in-vitro drug release kinetic study proved that the F7, IGFPS containing nystatin has the suitable controlled release property required for an effective mucoadhesive sustain release delivery system. In-vivo and stability studies are essential to substantiate the obtained findings, and the model needs to be studied for specific route of administration.
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